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Abstract: The detection of low received power of global positioning system (GPS) signals 
in the signal acquisition process is an important issue for GPS applications. Improving the 
miss-detection problem of low received power signal is crucial, especially for urban or 
indoor environments. This paper proposes a signal existence verification (SEV) process to 
detect and subsequently verify low received power GPS signals. The SEV process is based 
on the time-frequency representation of GPS signal, and it can capture the characteristic of 
GPS signal in the time-frequency plane to enhance the GPS signal acquisition performance. 
Several simulations and experiments are conducted to show the effectiveness of the 
proposed method for low received power signal detection. The contribution of this work is 
that the SEV process is an additional scheme to assist the GPS signal acquisition process in 
low received power signal detection, without changing the original signal acquisition or 
tracking algorithms. 
Keywords:  GPS signal acquisition; time-frequency analysis; low received power   
signal processing 
 
1. Introduction 
Today, navigation is done worldwide, with the aid of the global positioning system (GPS) receivers. 
More than 400 million people worldwide rely on the satellite navigation to deliver the position, 
velocity, and time (PVT) information. At least four GPS satellites are required to provide a user 
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position solution, which includes a position in three-dimensional coordinate and time information. The 
strength of received GPS signal transmitted from a satellite to the ground users is about −157 dBm 
below the noise floor of −138.5 dBm [1–3]. GPS is a direct-sequence spread-spectrum (DSSS)   
code-division-multiple-access (CDMA) system, and it can deal with the wideband noise and 
narrowband interference with low power contributed by the processing gain of the spreading code [4]. 
GPS receivers acquire and track the satellite signal using the correlation properties between the 
received satellite signal and the locally generated carrier and spreading code replicas. A maximum 
correlation value occurs, when the locally generated replicas align those of the received signal. 
However, the maximum correlation would be degraded due to the low received power GPS signal or 
the high power narrowband interference, especially in urban or indoor environments. It is because the 
received signal power might be blocked or shadowed by buildings or trees around the users. 
Accordingly, the number of acquired GPS satellites decreases extremely, such that the navigation 
performance is degraded or interrupted eventually. Researches focusing on the low received power 
GPS signal processing have attracted a lot of attentions in recent years [5–9].  
Lin and Tsui in 2000 [5] compared several acquisition methods on criteria of receiver operation 
characteristics (ROCs), and suggested an approach, the non-coherent acquisition method, for weak 
signal acquisition. Psiaki in 2001 [6] reported a block acquisition method for weak GPS signal. The 
block acquisition method uses a predetection and integration time of 20 milliseconds, and 
subsequently formed 20 different accumulation parts, where each corresponds to a possible bit 
transition. As a result, this approach could acquire a weak signal with carrier-to-noise ratio (C/N0) as 
low as 21 dB-Hz. Yu and Zheng et al. in 2006 [7] proposed a differential combining (DFC) method for 
acquiring the weak GPS signal. The performance of the DFC method is superior to the conventional 
non-coherent approach [5] on the criteria of ROCs. The DFC could reduce the 3 dB processing loss of 
the non-coherent approach and improved the sensitivity by about 1.6 dB. The authors in 2009 [8] 
reported a weighted coherent overlapping (WCO) tracking method for low received power tracking. It 
could enhance the correlation value by coherent integration time method without reducing the Doppler 
window. In [9], the authors implemented the empirical mode decomposition (EMD) method to reduce 
the noise effect of the collected raw GPS signal. The signal-to-noise ratio (SNR) was therefore 
improved in the GPS signal acquisition process. 
Most of the methodologies make efforts to enhance the acquisition performance based on the 
criteria of ROCs, which is a statistical process. For a satellite signal with low received power in the 
received GPS signal, the maximum correlation peak might be below the predetermined detection 
threshold, and it subsequently would be declared as signal absent. This paper therefore reports a 
solution called the signal existence verification (SEV) process to detect and verify whether the signal 
is absent. The SEV process is developed based on the time-frequency analysis [10], and it can detect 
the characteristic of the low received satellite signal on the generated spectrogram of the satellite 
signal. Furthermore, the SEV process could provide an additional stage for signal detection without 
changing the signal acquisition or tracking algorithms. The acquisition performance of the low 
received power GPS signal could be enhanced with the aid of the proposed SEV process, and the 
number of acquired GPS satellites could therefore be increased to continue the navigation service for 
users in urban or indoor environments. In addition, most of the applications of the time-frequency 
analysis in GPS field focused on the interference/jamming detection [11–13] or structural Sensors 2010, 10                                       
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monitoring [14,15], and this work further extends the application of the time-frequency analysis on 
GPS signal detection. 
Accordingly, the remainder of this paper is organized as follows. Section 2 presents the concept of 
the time-frequency analysis, and it includes the procedure of generating a spectrogram with small 
error. Section 3 reports the time-frequency applications on GPS low received power signal detection 
and verification. The concept of the signal existence verification (SEV) for low received power signals 
is explained in detail. In Section 4, several experiments are conducted to validate the performance of 
the proposed method. Finally, Section 5 presents the summary and concluding remarks. 
2. Theoretical Development of the Time-Frequency Analysis 
For a stationary signal characterized by time-invariant statistic properties, it can be adequately 
analyzed using well-known spectral techniques based on the Fourier transform (FT) [9]. For example, 
the Fourier filters can be employed to separate the noise from the real signal when the processes are 
linear and the noises have distinct time or frequency scales, which are different from those of the true 
signal [16]. However, the Fourier methods might fall short when the processes are either nonlinear or 
non-stationary. In fact, the GPS satellite signal with low received power might be “transient” in the 
receiver, and it therefore can be defined as a non-stationary signal since a non-stationary signal is 
“transient” in nature with duration generally shorter than the observation interval [9,16]. 
A concept of time-frequency representation had been proposed since 1950s [7], and it could be 
treated as an extension to Fourier analysis that is applicable to characterize signals whose spectral 
characteristics change with time. Current time-frequency representation tools, such as the Fourier 
spectrum, the short time Fourier transform (STFT or Gabor), the wavelet (Morlet) transform, or many 
high order schemes are generally implemented to the time-frequency analyses [7,17,18], require lower 
computational power and might be suitable for real-time applications, however the spectrogram 
generated might have poor time-frequency localization properties [11]. Another time-frequency 
analysis was represented by the Wigner–Ville distribution, which better localizes the signal on the 
time-frequency plane, but has the possible presence of cross-terms [11]. In general, a fast Fourier 
transform (FFT) algorithm could represent the spectrum of a signal in frequency domain. However, the 
resulting spectrum might have an exponentially decayed envelope if the signal is with a non-sinusoidal 
part [19]. As a result, several time-frequency tools, which are based on FT, cannot provide a precise 
spectrogram. This paper therefore implements a time-frequency analysis based on the Fourier sine 
spectrum to represent the information on a spectrogram with small error [19]. It could present almost 
all the frequency components of the received GPS signal on the corresponding spectrogram.  
The procedure of generating a spectrogram with small error by the Fourier sine spectrum is depicted 
in Figure 1 [19]. Assume that a discrete signal can be approximated by [20]: 
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where the second summation represents the non-sinusoidal part and N is referred to as the largest 
power for which  0 n a   for all nN  . Note that the non-sinusoidal part is interpreted as the sum of 
monotonic part and all the Fourier modes whose wavelength is longer than the expansion interval. The Sensors 2010, 10                                       
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collected signal is input to an iterative Gaussian smoothing filter, which can remove the non-sinusoidal 
components for grasping pure spectral information of the input signal [20]. After the iterative Gaussian 
smoothing method by m times, where  2 mN  , the corresponding results can be rearranged in the 
following [19,20]: 
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where 
'
m y  and  m y  are the high frequency and smoothed parts at the m
th smoothing step, respectively, 
and   is the smoothing factor. As a result, the non-sinusoidal part is removed completely. Note that, 
for a finite data, the result of applying the Gaussian smoothing method is just the zero-order least 
squares response of the data. For the interior points, the resulting smoothed response is approximately 
diffusive with a wide transition zone around the cutoff frequency selected to filter a given dataset. The 
iterative Gaussian smoothing method is therefore used to repeatedly smooth the remaining high 
frequency part. It is effective to remove a non-sinusoidal polynomial with finite degree [20]. Moreover, 
the whole procedure can be performed in the spectral domain whose operation count is slightly more 
than twice of the use of the FFT. Subsequently, the zero points around the two ends are identified by a 
searching procedure and an interpolation method. The desired data, which is between two zero points, 
is redistributed by a cubic interpolation method to a data with a length of 2
m. Performing an odd 
function mapping of the redistributed data, the data length is of 2
m+1.  
Consequently, the corresponding Fourier sine spectrum could be therefore obtained by performing 
the FFT. The resulting Fourier sine spectrum is a slightly better approximate parameter representation 
of the sinusoidal part than that of the original Fourier spectrum. Specifically, the Fourier sine spectrum 
is a projection in strong sense while the Fourier spectrum is a projection in weak sense, such that the 
resolution of minor modes of the former is better than that of the latter [20]. Choosing a band-pass 
filter to filter out the signal at the desired frequency, the signal in time domain is subsequently 
obtained by performing the inverse FFT (IFFT). For a sinusoidal signal,  () y t , defined in the range of 
t    , the following Hilbert transform is the corresponding imaginary part [21]: 
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The amplitude and frequency can be evaluated directly as follows: 
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Finally, the corresponding imaginary part, and subsequently the amplitude and the frequency 
information, can be estimated based on the Hilbert transform [21]. As a result, the spectrogram with Sensors 2010, 10                                       
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small error is obtained. From the resulting spectrogram much information concerning the dominant 
modes and corresponding harmonics can be captured. Moreover, the associated amplitude and 
frequency variations are partially reflected by the spectrum scattering around a mode. Thus, the 
detailed variations can be obtained by examining the spectrogram. In other words, it could provide an 
effective tool for detecting the low received power GPS signals by means of the two dimensional time-
frequency analysis. Figure 2 shows an example of the non-sinusoidal part effect. The thin solid line 
represents the Fourier spectrum of the original signal with a non-sinusoidal part. The heavy solid line 
indicates the Fourier spectrum of the sinusoidal part. It shows that the spectrum of the original signal 
has the error in the low frequency part because of the non-sinusoid part signal. The gradient line 
depicts the resulting spectrum of the sinusoid part via iterative Gaussian smoothing method with odd 
function mapping. It is important to note that the odd function mapping in step 4 ensures that the 
periodicity of the signal is valid up to the highest order derivative of the data [19]. Consequently, the 
spectrum error can be effectively reduced. 
Figure 1. The procedure of generating a spectrogram with small error using the Fourier 
sine spectrum [19]. 
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Figure 2. An example of the non-sinusoidal part effect in Fourier spectrum (adopted from [22]). 
 
3. The Signal Existence Verification (SEV) Process for GPS Signal Detection 
This paper focuses on the GPS signal transmitted on L1 frequency band (1575.42 MHz). After 
down-conversion in the front-end and sampling by an A/D converter, the GPS L1 signal received from 
the k
th satellite, 
()
1 []
k
L Sn , can be described as [23]: 
() () ()
1 [] [] [] c o s [ ] []
kk k
Lc I F Sn P Cn Dn ne n     (6) 
where Pc is the power of signal associated with C/A code. C
(k) is the 1023-chip coarse/acquisition (C/A) 
code sequence with a chip rate of 1.023 MHz assigned to satellite number k. The C/A code is also 
called the pseudorandom noise (PRN) code, and each PRN number could represent an identification of 
a specific GPS satellite [1–3]. D
(k) is the navigation data sequence of a binary value with a data rate of 
50 Hz assigned to satellite number k.  ωIF is the intermediate frequency (IF) after front-end   
down-conversion, and n denotes the n
th sample of signal in discrete time representation. e[n] is the 
undesired signal, which might consist of interference or Gaussian noise. The signal detection process of a 
GPS receiver is implemented in the signal acquisition stage, which estimates the PRNs, code delay chips, 
and Doppler frequency of satellites in the received GPS signal. It is required to search the possible Doppler 
frequency shift and code delay chip in the range of ±5 kHz and 0–1023 chips, respectively [1–3,24]. In 
general, the conventional acquisition process implemented in a software defined receiver (SDR) 
utilizes the parallel code phase search acquisition method [24], as shown in Figure 3. The correlation 
process between the GPS raw IF signal and the locally generated replica is done based on a method of 
performing circular correlation through Fourier transform [3,25]. The incoming GPS signal is first 
multiplied by a locally generated carrier signal. Multiplications with the carrier signal and a 90° phase 
shifted version of the carrier signal generate the inphase (I) and quadrature (Q) signals, respectively. Sensors 2010, 10                                       
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The I and Q signals are combined to form a complex input signal, x[n], to the FFT function, and x[n] 
can be expressed as 
[] [] [] x nI nj Q n     (7) 
The generated PRN code is transformed into the frequency domain by FFT and the result is 
complex conjugated. The Fourier transform of the input GPS signal is subsequently multiplied with the 
Fourier transform of the PRN code. The multiplication result is transformed into the time domain by 
an IFFT. As a result, the absolute square value of the output of the IFFT represents the correlation 
result between the input GPS signal and the local replica of a specific PRN. The correlation result is a  
two-dimensional search pattern,  ( , ) D Sf  , called the ambiguity function, which is a function of the 
code delay chip   and Doppler frequency bin  D f  [1,2]. 
Figure 3. The GPS signal acquisition process using the parallel code phase search 
acquisition method. 
PRN code Generator
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Each cell of the search pattern represents the correlation value at the corresponding code delay chip 
and Doppler frequency bin. If a correlation peak  max ,max (, ) D Sf   can be found on the search pattern, the 
index  max ,max (, ) D f   of this peak denotes the code delay sample and the Doppler frequency for the 
specific PRN (i.e., satellite). With the acquired information, the receiver tracks and subsequently 
decodes the navigation bits, and the user position can be estimated accordingly [1–3,23]. In general, a 
SNR of a satellite signal can be estimated from the maximum correlation peak [1–3,24]. In theory, the Sensors 2010, 10                                       
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signal detection in the acquisition process is a statistical process, because each cell either contains 
noise with the signal absent or noise with the signal present [2]. Figure 4(a) shows an example of a 
single trial decision where the blue and red curves represent the probability density functions (pdfs) of 
noise with signal absent and present, respectively. The pdf for noise with signal absent has a zero mean, 
and the pdf for noise with signal present has a non-zero mean. A satellite signal is declared present if 
the estimated SNR in the acquisition process is beyond the threshold. However, a false alarm of signal 
present might occur as the blue area of Figure 4(a). The signal detection process would have a 
probability of miss-detection (Pmd) as shown in the red area of Figure 4(a). The false alarm probability 
(Pfa) is defined under the hypothesis  0 H  of signal absence or code delay/Doppler frequency shift 
mismatch as [1,2]:  
  , max ,max 0 (, )
t fa V fa D t PP S f V H     (8) 
It is the probability that the decision variable  max ,max (, ) D Sf   passes a fixed threshold  t V  under  0 H . 
On the contrary, the detection probability (Pdet) is defined under the hypothesis  1 H  of signal presence 
and perfect delay and frequency alignment between the received signal and the local replica [1,2]:  
  det, det max ,max 1 (, )
t VD t PP S f V H     (9) 
In general, a required false alarm probability (Pfa) is chosen first, and the corresponding threshold 
and detection probability (Pd) can be estimated [2].  
In addition, the GPS signal processing is sensitive to noise. For the low received power satellite 
signal case, the pdfs curves of noise with signal absent and present are close as shown in Figure 4(b). 
The probability of miss-detection would be increased while the required false alarm probability is 
strict as that of the signal with a typical strength. As a result, the satellite signal with low received 
power might be declared as signal absent while the acquired SNR is below the threshold. The number 
of acquired satellite therefore decreased and then might not be sufficient for positioning. This paper 
therefore designs a scheme, called the signal existence verification (SEV) process, based on the   
time-frequency approach to verify whether the satellite signal is absent. Note that the power of GPS 
signals is spread over a much wider bandwidth than that of the original information because GPS is a 
DSSS system [4]. As a result, the GPS signals present power spectral densities are completely hidden 
under the noise floor, as shown in the left plot of Figure 5(a). In other word, it is difficult to observe 
the useful information of satellite signals on the spectrogram if the GPS raw signal is mapped into the 
time-frequency plane directly, as shown in the right plot of Figure 5(a). Thanks to the processing gain 
of the spreading code, the power spectral density of original information could be despread beyond the 
noise floor. The proposed SEV method therefore takes the characteristic to perform the verification of 
the low received power satellite signal, as shown in Figure 5(b). The C/A code effect is removed from 
the received satellite signal by multiplying a local replica C/A code generated according to the 
acquired code delay information, τmax, in the acquisition process. 
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Figure 4. (a) The concept of typical strength GPS signal detection in acquisition process. 
(b) The concept of low received power GPS signal detection in acquisition process. 
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From Equation (1), if the signal is present, the remaining signal with a length of 1 millisecond 
would consist of a carrier and undesired noise terms as:  
()
1 [] c o s [ ] []
k
LI F Sn ne n     (10) 
Note that the navigation data is the same value within 1 millisecond. The remaining signal is 
subsequently mapped into the time-frequency plane by a time-frequency tool. Ideally, the 
characteristic of the sinusoidal wave can be further detected around the Doppler frequency of fD,max 
from the resulting spectrogram, as shown in the time-frequency plane of Figure 5(b). On the contrary, 
it would be difficult to observe the helpful information in the generated spectrogram if the satellite 
signal is absent. That is, the original satellite signal information could not be despread out with the 
wrong code delay information. In reality, the power of the despread sinusoid wave might be close to 
the noise floor and difficult to observed from the time-frequency plane on the condition of the low 
received power signal. As discussed in Section 2, the time-frequency method based on the Fourier sine 
spectrum could therefore provide an effective tool for the low received power detection. A detailed 
block diagram of the SEV process for a specific PRN (satellite) signal is shown in Figure 6. In addition, 
the SEV process would be executed after the acquisition process while the acquired SNR of a satellite 
signal is below and close to the threshold Vt. Sensors 2010, 10                                       
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Figure 5. (a) An example of mapping a raw GPS signal into the time-frequency plane by a 
time-frequency tool. (b) The concept of satellite signal detection by using the time-
frequency tool. 
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Figure 6. The block diagram of the signal existence verification (SEV) process for the low 
received power GPS signal detection. 
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4. Experiment Results and Analyses 
Several experiments were conducted to validate the proposed method. This paper used a software 
defined GPS receiver to collect real GPS signals including the typical received power satellite signals 
and the low received power satellite signals for evaluating the performance of the proposed SEV 
method. The typical received power (outdoor) GPS signal was collected on the roof of the Department 
of Aeronautics and Astronautics building of National Cheng Kung University, Taiwan. In addition, the 
low received power (indoor) GPS signal was collected in room 5896 of the same building. Both 
outdoor and indoor signals were collected at the same time on January 22th, 2010. In other words, the Sensors 2010, 10                                       
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in-view satellites of both signals would be similar. The in-view satellites of the roof GPS signal could 
be regarded as a true solution for the low received power satellite signal detected by the proposed 
method. The sampling frequency and IF of the collected GPS data was 16.368 MHz and 4.1304 MHz, 
respectively. The collected IF samples are stored in sign of 8 bits per sample. In this paper, the SNR of 
the acquired GPS satellite signal is calculated according to the correlation peak to next peak ratio 
(CPPR) method [26]. The detection threshold of this work was chosen as 3.5 dB [27]. In the following 
analyses, each acquisition process takes the GPS signal with data length of 1 millisecond (i.e., a 
complete sequence of C/A code in one period), and so does the SEV process. The frequency resolution 
of the spectrogram is 83.3 Hz because the Doppler search band of 10K Hz is divided into 120 bins (i.e., 
10,000 Hz/120 = 83.33 Hz). 
In the following analysis, the collected typical received power GPS signal is investigated by the 
time-frequency approach to validate the SEV process. The collected outdoor signal is acquired using 
the conventional acquisition method with the integration time of 1 millisecond, and the acquired 
satellites information is listed in Table 1 including the PRNs, the code delay samples, the Doppler 
frequency, and the estimated CPPRs. Note that several PRNs are located at the similar Doppler 
frequency. For example, the Doppler frequencies of PRNs 22 and 30 are similar, and so are those of 
PRNs 12 and 18. After applying the time-frequency method to the same outdoor GPS signal, Figure 7 
represents the resulting spectrogram, and it also demonstrates that the GPS signal present power 
spectral densities are completely hidden under the noise floor as mentioned in Section 3. Figure 7(b) is 
the top view of Figure 7(a), and some weak continuous wave information can be observed from the 
resulting spectrogram but that might not be contributed by the GPS satellite signals. The in-view 
satellite signals are marked on the spectrogram at their corresponding Doppler frequency as the dash 
lines shown in Figure 7(b), and it is difficult to obtain the valid relationship between the information 
gained from the resulting spectrogram and the in-view satellite signals. Consequently, we would not be 
able to directly detect the GPS satellite signals from the spectrogram of the raw GPS signal. However, 
a characteristic of the satellite signal is observed when the SEV process is implemented. An example is 
represented by the same outdoor satellite signal of PRN 26. The corresponding acquired results such as 
the correlation distribution with the maximum code delay and Doppler bin are shown in Figures 8(a) 
and 8(b), and the search pattern is shown in Figure 8(c). The estimated CPPR of PRN 26 is 8.47 dB, 
which is well beyond the threshold of 3.5 dB, and an obvious maximum correlation peak is expected 
on the search pattern of Figure 8(c). In addition, Figure 9 illustrates an example of PRN 26 utilizing 
the SEV process to verify whether the satellite signal is definite present. According to the procedure of 
SEV process, the C/A code effect is removed by multiplying the locally generated C/A code with a 
code delay of 10,197 samples. The remaining signal is subsequently mapped into the time-frequency 
representation by the time-frequency tool described in Section 2. By the SEV process, a characteristic 
of the sinusoid wave should be observed locating around the frequency of 2,500 Hz while the satellite 
signal of PRN 26 is included in the received GPS signal. In the resulting spectrogram of Figure 9(b), a 
characteristic of the sinusoid wave is observed around the Doppler frequency of 2,500 Hz, which 
matches the acquired information of PRN 26 in Table 1. Note that drift rate of the Doppler frequency 
within 1 millisecond is not large so that the observed characteristic of the sinusoid wave is almost 
unchanged on the spectrogram. As a result, the SEV process is validated for the typical received power Sensors 2010, 10                                       
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GPS satellite signal, and it provides an additional evidence to confirm the satellite signal of PRN 26 
exists in the collected outdoor GPS signal. 
Table 1. The acquisition result of the collected outdoor GPS signal by the conventional 
acquisition method with the integration time of 1 millisecond. 
PRN  Code delay 
samples 
Doppler frequency 
(Hz) 
CPPR* (dB) 
22 13,351  2,000  12.00 
30 8,976  2,000  11.40 
14 13,088  4,500  8.62 
26 10,197  2,500  8.47 
18 5,597  0  8.03 
12 7,544  0  5.78 
31 12,492  4,000  5.25 
* CPPR: Correlation peak to next peak ratio 
Figure 7. (a) The spectrogram of the raw outdoor GPS signal by using the time-frequency 
tool. (b) The top view of (a), several continuous waves could be observed in the time-
frequency plane. 
(b) (a)
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Figure 8. (a) The correlation distribution versus the code delay samples of PRN 26 at the 
frequency bin with maximum correlation peak. (b) The correlation distribution versus the 
frequency bin of PRN 26 at the code delay sample with maximum correlation peak. (c) The 
search pattern of the PRN 26 of the outdoor collected signal in the acquisition process. 
(a)
(b)
(c)
 
 
Figure 9. (a) The spectrogram of the signal existence verification (SEV) process for PRN 
26 satellite signal. (b) The top view of (a), a characteristic sinusoid wave can be observed 
around the frequency of 2,500 Hz. 
(a) (b)
 
 
The following experiments demonstrates the significant improvements that the SEV process brings 
to detection of the low received power GPS satellite signal, and the SEV process will be applied to the 
satellite signal with acquired SNR below the threshold of a general acquisition process. Firstly, Table 2 
shows the acquisition results of the collected indoor signal by the conventional acquisition method 
with the integration time of 1 millisecond. Note that the PRNs listed in Table 2 are the satellites in Sensors 2010, 10                                       
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view according to that of the collected roof GPS signal (in Table 1). The background color in gray of 
Table 2 indicates that the acquired CPPRs are below the threshold. As a result, only the satellite signal 
of PRN 30 is able to be acquired from the indoor signal. The conventional acquisition method with the 
coherent and non-coherent method with the integration time of 2 milliseconds is implemented to 
acquire more possible satellites in view, and the results are shown in Table 3. However, PRN 30 is still 
the only satellite with SNR beyond the threshold.  
It is as expected that the number of acquired satellites decreases extremely under the indoor 
environment, but the satellite signal which is declared as absent by the acquisition process might be 
present in reality. Accordingly, the proposed approach was applied to a satellite signal whose CPPR is 
below the threshold to verify whether it is absent. This work takes the satellite signal of PRN 18 as an 
example, because PRN 18 was located on the window-side of room 5896 when the experiment was 
conducted, and it is possible to be received by the indoor GPS receiver. As indicated in the 
conventional acquisition result, it is difficult to observe an obvious maximum correlation peak on the 
corresponding search pattern, as shown in Figure 10(c), and it is declared as signal absent because the 
acquired CPPR of PRN 18 is 2.20 dB, which is below the threshold of 3.5 dB. The correlation 
distribution with the maximum code delay and Doppler bin of the PRN 18 are shown in Figures 10(a) 
and 10(b), respectively. Through the conventional acquisition method, although PRNs 18 is declared 
as absent, the PRN 18 signal might be in the collected indoor GPS signal. The proposed approach is 
therefore implemented to verify the presence of the PRN 18 signal. The proposed approach firstly 
removes the C/A code effect by multiplying it with the locally generated C/A code with a code delay 
of 10,815 samples. Applying the time-frequency tool to map the remaining signal onto the time-
frequency plane, the resulting spectrogram is shown in Figure 11. It is important to note a 
characteristic of sinusoid wave is observed around the Doppler frequency of −1,500 Hz, which 
matches the acquired information of PRN 18 in Table 2. Although the strength of the characteristic of 
the sinusoid wave is not as obvious as that of the typical strength satellite signal in Figure 9, the PRN 
18 signal is detectable around the corresponding Doppler frequency on the spectrogram. The 
attenuation is expectable for a satellite signal with a low received power. That is, although the satellite 
information is despread with a spreading gain, it might be close to the noise floor. In other words, the 
proposed approach could provide evidence to show that the satellite signal of PRN 18 is present. In 
reality, the satellite signal of PRN 18 is in view according to the acquisition result of the collected roof 
GPS signal, as shown in Table 1. The SEV process further provided evidence that the PRN 18 is 
present, although it was previously categorized as noise by the acquisition process. 
After applying the proposed SEV process to the others satellite signals, which were previously 
declared as signal absent in Table 3, five additional satellites (PRNs), which are marked in red in  
Table 4, are now declared as signal present. As a result, the SEV process increases the number of 
acquired satellites from one to more than four, that is, it meets the basic requirements (i.e., at least four 
satellites in-view) for continuing the navigation service under indoor environments. Consequently, the 
proposed SEV process is effective for detecting the satellite signals with low received power. 
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Table 2. The acquisition result of the collected indoor signal by the conventional 
acquisition method with the integration time of 1 millisecond. 
PRN  Code delay 
samples 
Doppler frequency 
(Hz) 
CPPR* (dB) 
22  1,419  1,000  0.85 
30 2,543  2,500  7.55 
14  2,954  1,500  1.14 
26  15,588  –1,500  1.52 
18  10,815  –1,500  2.20 
12  7,445  500  1.17 
31  6,178  3,000  2.61 
* CPPR: Correlation peak to next peak ratio 
 
Table 3. The acquisition result of the collected indoor signal by the conventional 
acquisition method with the coherent and non-coherent integration time of 2 milliseconds. 
PRN  Code delay 
samples 
Doppler 
frequency 
(Hz) 
CPPR*  
(dB) 
by coherent 
CPPR* 
(dB) 
by non-coherent 
22  6,923  −1,500  1.24  1.17 
30 2,541  2,500  8.05  8.04 
14  16,183  2,500  1.97  2.01 
26  16,172  1,000  2.68  2.67 
18  1,845  2,000  0.35  0.32 
12  15,207  1,000  0.55  0.50 
31  14,774  2,500  0.53  0.49 
* CPPR: Correlation peak to next peak ratio 
Figure 10. (a) The correlation distribution versus the code delay samples at the frequency 
bin with maximum correlation peak. (b) The correlation distribution versus the frequency 
bin at the code delay sample with maximum correlation peak. (c) The search pattern of the 
PRN 18 of the collected indoor signal in the acquisition process. 
(a)
(b)
(c)
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Figure 11. (a) The spectrogram of the proposed approach for PRN 18 satellite signal.  
(b) The top view of (a), a characteristic sinusoid wave can be observed around the 
frequency of −1,500 Hz. 
(b) (a)
 
 
Table 4. The acquisition result of the collected indoor signal by using the conventional 
acquisition method with 1 ms integration time and applying the SEV process. 
PRN  Code delay 
samples 
Doppler 
frequency 
(Hz) 
CPPR* (dB) 
22  1,419  1,000  0.85 
30 2,543  2,500  7.55 
14 2,954  1,500  1.14 
26 15,588  –1,500  1.52 
18 10,815  –1,500  2.20 
12 7,445  500  1.17 
31 6,178  3,000  2.61 
* CPPR: Correlation peak to next peak ratio 
For the satellite signal with low received power, the code delay sample of the maximum 
correlation peak estimated in the acquisition process might not be exactly correct. The miss-
alignment between the code delay of the local C/A replica and that of the incoming satellite 
signal would result in the imperfect removal of C/A code effect, and the maximum correlation 
value and its resulting SNR would be therefore degraded. This paper also investigates the 
performance of the proposed approach if the estimated code delay sample has an offset from the 
correct one. The satellite signal of PRN 31 is used in this work as an example, because PRN 31 
was also located on the window-side of room 5896 when the indoor experiment was conducted, 
and the PRN 31 signal might be received by the indoor GPS receiver. Similarly, the proposed 
approach removes the C/A code effect by multiplying it with the locally generated C/A code 
with a code delay of 6,178 samples. The time-frequency tool is then applied to map the 
remaining signal onto the time-frequency plane, and the resulting spectrogram is shown in Sensors 2010, 10                                       
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Figure 12. Note that a characteristic sinusoid wave is detected around the Doppler frequency of 
3,000 Hz. The strength of the characteristic is stronger than that of PRN 18, and this result 
agrees with the acquired CPPRs in Table 2. Again, the proposed approach verifies that the 
satellite signal of PRN 31 is present, although the satellite was categorized as signal absent by 
the conventional acquisition process. Moreover, the same PRN 31 signal, but with the offsets of 
4, 8, and 12 samples from the correct code delay of 6,178 samples, were also tested to show the 
effectiveness of the proposed approach for the low received power satellite signal detection. By 
the similar procedures of the proposed approach, the C/A code effect is partially reduced by 
multiplying it with the locally generated C/A code which is miss-aligned with the incoming 
signal by the above offsets, and the resulting spectrograms are shown in Figure 13. As shown in 
the results, the strength of the characteristic of the sinusoid wave decreases as the number of 
offset samples increases, as shown in the red dashed line box of each spectrogram in Figure 13. 
For the case of the low received power satellite signal, it is important to note that the strength of 
the characteristic of the sinusoid wave is sufficient for signal detection even if the miss-
alignment between the local C/A code replica and that of the incoming satellite signal is half a 
chip (i.e., eight samples). However, the characteristic of the sinusoid wave is undetectable on the 
spectrogram if the miss-alignment is larger than three-quarters of a chip (i.e., 12 samples), as 
shown in Figure 12(f). Consequently, the proposed approach is capable of detecting and 
verifying the satellite signal with low received power even if the estimated code delay 
information has an offset of half a chip (eight samples) from the correct one. 
Figure 12. (a) The spectrogram of the proposed approach for PRN 31 satellite signal.  
(b) The top view of (a), a characteristic sinusoid wave can be observed around the 
frequency of 3,000 Hz. 
(b) (a)
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Figure 13. (a) The spectrogram of the proposed approach for PRN 31 satellite signal with 
miss-alignments of four samples. (b) The top view of (a). (c) The proposed approach for 
PRN 31 satellite signal with miss-alignments of eight samples. (d) The top view of (c).  
(e) The proposed approach for PRN 31 satellite signal with miss-alignments of 12 samples. 
(f) The top view of (e). 
(a)
(c)
(e)
(b)
(d)
(f)
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In this paper, the computation load of the SEV process is also investigated. Note that the time-
frequency representation of the SEV process dominates the computation load. Furthermore, the 
resolution of the time-frequency plane depends on the number of data samples in the time and 
frequency bins. For this reason, the computation load of the time-frequency representation according 
to the resolution in time series and frequency bins is studied. In this paper, the GPS receiver with a 
sampling frequency of 16.368 MHz is used to collect the raw GPS signal. The resolution of time-
frequency plane in this paper was chosen as 83.33 Hz (i.e., ±5 kHz divided into 120 bins) in frequency 
and 61.09 ns (1 ms divided by 16,368 samples) in time. Accordingly, the SEV process requires 122.4 
seconds to complete the time-frequency representation. That is, each frequency bin with a number of 
16,368 samples in time consumes 1.02 seconds, as shown in Table 5. For a practical issue, a trade-off 
could be made between the time-frequency resolution and the computation load. It is possible to 
implement a down-sampling process to reduce the samples of the data stream prior to the SEV process. 
In addition, the reduction in the Doppler window and the number of frequency bins according to the 
acquired Doppler information will be able to lower the computation load as well. Consequently, this 
paper also examines the computation loads for possible combinations of samples in time, as depicted 
in Table 5.  
Table 5. The computation cost of the SEV process. 
Sampling  
frequency  
(MHz) 
 
Total samples 
Consumption  
time/bin  
(Second) 
16.368 16,368  1.02 
32,736 3.16 
49,104 5.20 
8.184 8,184  0.32 
16,368 1.17 
24,551 1.37 
4.092 4,092  0.16 
8,184 0.31 
12,275 0.46 
5. Conclusions 
The strength of the received GPS signal is lower for urban or indoor environments because of 
multipath or sheltered effects from the neighboring buildings or trees. This might result in degraded 
navigation accuracy or complete loss of receiver tracking. This paper proposed a signal existence 
verification (SEV) process for low received power GPS signal detection based on the time-frequency 
analysis, which could generate a spectrogram with small error. As shown in the results of this paper, 
the SEV process can successfully verify the presence of one satellite signal even if the acquired SNR 
of that specific satellite is below the threshold. The proposed SEV process first removes the C/A code 
effect from the original signal according to the acquired code delay information in the acquisition 
process. The spectrogram of the remaining signal is subsequently generated to observe the 
characteristic of a sinusoid wave at the corresponding Doppler frequency. The experimental results Sensors 2010, 10                                       
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also demonstrated the effectiveness of the proposed SEV process in the low received power GPS 
signals. Furthermore, the proposed approach is capable of detecting and verifying the satellite signal 
with low received power even if the estimated code delay information has an offset of half a chip from 
the correct one.  
Acknowledgements 
The authors gratefully acknowledge the support provided to this study by the Taiwan National 
Science Council research project. The authors also wish to thank Y.N. Jeng for his thoughtful 
comments. 
References 
1.  Misra, P.; Enge, P. Global Positioning System: Signals, Measurements and Performance, 2nd ed.; 
Ganga-Jamuna Press: Lincoln, MA, USA, 2006. 
2.  Kaplan, E.D.; Hegarty, C. Understanding GPS: Principles and Applications, 2nd ed.; Artech 
House: Norwood, MA, USA, 2005. 
3.  Tsui, J.B.Y. Fundamentals of Global Positioning System Receivers: A Software Approach, 2nd 
ed.; John Wiley & Sons: Hoboken, NJ, USA, 2004. 
4.  Braasch, M.S.; van Dierendonck, A.J. GPS receiver architectures and measurements. Proc. IEEE 
1999, 87, 48-64. 
5.  Lin, M.; Tsui, J.B.Y. Comparison of Acquisition Methods for Software GPS Receiver. In 
Proceedings of Institute of Navigation GPS Conference 2000, Salt Lake City, UT, USA, 2000;  
pp. 2385-2390. 
6.  Psiaki, M.L. Block Acquisition of Weak GPS Signals in a Software Receiver. In Proceedings of 
Institute of Navigation GPS Conference 2001, Salt Lake City, UT, USA, 2001; pp. 2838-2850. 
7.  Carmona, R.; Hwang, W.L.; Torresani, B. Practical Time-Frequency Analysis: Gabor & Wavelet 
Transforms with an Implementation in S (Wavelet Analysis and Its Applications, Vol 9); 
Academic Press: New York, NY, USA, 1998; pp. 175-190. 
8.  Jan, S.S.; Sun, C.C. The Weighted Coherent Overlapping Tracking Method for GPS Receivers. J. 
Chin. Soc. Mech. Eng. 2009, 30, 229-237. 
9.  Sun, C.C.; Jan, S.S. A Study on the Application of the Empirical Mode Decomposition to GPS 
Signal Acquisition Process. J. Aero. Astro. Aviation 2009, 41, 83-89. 
10.  Sun, C.C.; Jan, S.S. Time-Frequency Analyses of Global Navigation Satellite System Signals. In 
Proceedings of Institute of Navigation GNSS Conference 2009, Savannah, GA, USA, 2009;   
pp. 2629-2636. 
11.  Borio, D.; Camoriano, L.; Savasta, S.; Presti, L.L. Time-Frequency Excision for GNSS 
Applications. IEEE Syst. J. 2008, 2, 24-37. 
12.  Camps, A.; Tarongí, J.M. RFI Mitigation in Microwave Radiometry Using Wavelets. Algorithms 
2009, 2, 1248-1262. 
13.  Aram, M.; El-Rabbany, A.; Krishnan, S.; Anpalagan, A. Single Frequency Multipath Mitigation 
Based on Wavelet Analysis. J. Navig. 2007, 60, 281-290. Sensors 2010, 10                                       
 
 
4738
14.  Li, X.; Rizos, C.; Ge, L.; Ambikairajah, E. Application of 3D time-frequency analysis in 
monitoring full-scale structural response. J. Geospat. Eng. 2007, 8, 41-51. 
15.  Xu, L.; Guo, J.J.; Jiang, J.J. Time-frequency analysis of a suspension bridge based on GPS. J. 
Sound Vib. 2002, 254, 105-116. 
16.  Huang, N.E.; Shen, Z.; Long, S.R.; Wu, M.C.; Shih, H.H.; Zheng, Q.; Yen, N.C.; Tung, C.C.;  
Liu, H.H. The Empirical Mode Decomposition and the Hilbert Spectrum for Nonlinear and Non-
stationary Time Series Analysis. Proc. R. Soc. Lond. A 1998, 454, 903-995. 
17.  Farge, M. Wavelet Transforms and Their Applications to Turbulence. Annu. Rev. Fluid Mech. 
1992, 24, 395-457. 
18.  Boashash, B. Time-Frequnecy Signal Analysis, Methods and Applications; Longman: Cheshire, 
Australia, 1992. 
19.  Jeng, Y.N.; Huang, J.M.; Tsai, J.L. New Time-Frequency Analysis of Acoustic Data. Presented at 
Taiwan-Indonesia Workshop on Aeronautical Science, Tainan, Taiwan, November 13-16, 2006. 
20.  Jeng, Y.N.; Cheng, Y.C. Fourier Sine/Cosine Spectrums and Errors of Derivatives Estimated by 
Spectrums. In Proceedings of 17
th Combustion Conference, Chania, Greece, April 11-13, 2007. 
21.  Hahn, S.L. Hilbert transforms in signal processing; Artech House: Boston, MA, USA, 1996; 
 pp. 146-157. 
22.  Jeng, Y.N.; Chen, J.C.T. Some Detailed Information of a Low Speed Turbulent Flow over a Bluff 
Body Evaluated by New Time-Frequency Analysis. Presented at the 3rd AIAA Flow Control 
Conference, San Francisco, CA, USA, June 5-8, 2006. 
23.  Parkinsion, B.W.; Spilker, J.J. Global Positioning System: Theory & Applications (Volume One 
and Two); American Institute of Aeronautics & Astronautics: Reston, VA, USA, 1996. 
24.  Akos, D.M. A Software Radio Approach to Global Navigation Satellite System Receiver Design; 
PhD dissertation, Ohio University, Athens, OH, USA, 1997. 
25.  Oppenheim, A.V.; Schäfer R.W.; Buck, J.R. Discrete-Time Signal Processing, 2nd ed.; Prentice-
Hall: Bergen County, NJ, USA, 1999; p. 746. 
26.  Gao, G.X. DME/TACAN Interference and its Mitigation in L5/E5 Bands. In Proceedings of 
Institute of Navigation GNSS Conference 2007, Fort Worth, TX, USA, 2007; pp. 1191-1200. 
27.  Borre, K.; Akos, D.M.; Bertelsen N.; Rinder, P.; Jensen, S.H. A Software-Defined GPS and 
Galileo Receiver: A Single-Frequency Approach; Springer Verlag: New York, NY, USA, 2007. 
 
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 